Immune escape is an important reason why the immune system cannot control tumor growth, but how escape variants emerge during immunotherapy remains poorly understood. Here, we identify a new mechanism of tumor immune escape using an in vivo selection strategy. We generated a highly immune-resistant cancer cell line (P3) by subjecting a susceptible cancer cell line (P0/TC-1) to multiple rounds of in vivo immune selection. Microarray analysis of P0 and P3 revealed that vascular cell adhesion molecule-1 (VCAM-1) is up-regulated in the P3-resistant variant. Retroviral transfer of VCAM-1 into P0 significantly increased its resistance against a vaccine-induced immune response. Analysis of tumors showed a dramatic decrease in the number of tumorinfiltrating cluster of differentiation 8 + (CD8 + ) T cells in the tumors expressing VCAM-1. In vitro transwell migration assays showed that VCAM-1 can promote the migration of CD8 + T cells through its interaction with the A 4 B 1 integrin. Site-directed mutagenesis of VCAM-1 at amino acid residues required for interaction with A 4 B 1 integrin completely abolished the immune resistance conferred by VCAM-1 in vivo. Surface staining showed that most renal cell carcinomas (RCC) express VCAM-1, whereas an RCC that responded to vaccination was VCAM-1 negative. These data provide evidence that tumor expression of VCAM-1 represents a new mechanism of immune evasion and has important implications for the development of immunotherapy for human RCC.
Introduction
The ultimate goal of cancer immunology is to harness the power and specificity of the immune system to prevent or control tumor growth. Toward this end, significant progress has been made in identifying tumor antigens and devising several approaches to boosting the immune response against these antigens (1, 2) . Despite the success in generating antitumor immune responses, tumor-specific T cells generated frequently fail to induce tumor regression in cancer patients receiving experimental immunotherapy (3) . One likely explanation for why immunotherapy fails is that the antitumor immune response generated might not be sufficiently powerful or long lasting. Another important reason is that tumors, with their abnormal patterns of gene expression and prolonged, insidious growth, can influence and impair the immune system in many ways. Understanding the molecular abnormalities that allow tumors to escape immune attack thus represents an important objective in the field of cancer immunology.
Tumor escape from immune surveillance and attack has been studied for many years (4, 5) . These studies have identified many distinct mechanisms. Loss of MHC and other components of the antigen presentation machinery has been found in many cancers (6, 7) . Immunosuppressive factors such as transforming growth factor-h, interleukin-10, and vascular endothelial growth factor have also been found in different cancers (8) (9) (10) . Tumor-associated tolerance and abnormal expansion of regulatory T cells can also lead to immunosuppression (11) (12) (13) (14) . In addition, the tumor microenvironment has been shown to be an impediment to antitumor immune responses (15) . More recently, tumor expressions of B7-H1, indoleamine 2,3-dioxygenase enzyme, and galectin-1, as well as shedding of MIC-A and MIC-B, have been shown to affect proliferation, survival, or functioning of effector T cells (16) (17) (18) (19) . Together, these studies have laid the foundation for understanding how tumors escape immune attack and how tumors interact with the immune system in general. They also show that tumor escape is a complex phenomenon involving multiple pathways.
In contrast to our growing understanding of tumor escape in natural, unmanipulated hosts, a related question, how immune resistance of tumors emerges in the face of immunotherapy, has not been systematically explored. To tackle this question, we generated a mouse model of tumor escape, consisting of a susceptible cancer cell line (P0) and a highly resistant variant (P3). We have used microarray analysis to identify the potential mechanism(s) used by the P3-resistant variant to escape immune control. These analyses revealed the ectopic expression of vascular cell adhesion molecule-1 (VCAM-1) as a novel mechanism of escape from T cellmediated antitumor immunity. Thus, this approach can help uncover additional tumor escape mechanisms and better our understanding of the complex interactions between tumors and the immune system.
Materials and Methods
Cell culture and antibodies. All cancer cell lines were cultured in RPMI 1640 containing 2 mmol/L L-glutamine, 1 mmol/L sodium pyruvate, nonessential amino acid, 100 IU penicillin/streptomycin and 10% fetal bovine serum in a 37jC incubator with 5% CO 2 . Antimouse VCAM-1 antibody (clone 429) and isotype control (clone R35-95; PharMingen, San Diego, CA) were used for surface staining in most experiments. For staining of VCAM-1 mutants, another antimouse VCAM-1 antibody (clone 112702; R&D Systems, Minneapolis, MN) was used. Antihuman VCAM-1 antibody (clone 51-10C9) and isotype control (clone MOPC-21) were purchased from PharMingen. For integrin staining, anti-h 1 antibody (clone Ha2/5), anti-h2 antibody (clone C71/16), anti-h7 antibody (clone M293), and anti-a 4 antibody (clone R1-2) were also purchased from PharMingen. The staining of the various antibodies was done according to the vendor's manual.
RNA sample preparation and microarray analysis. Total RNA was extracted from P0 and P3 cell lines cultured in 10-cm dishes using TRIzol (Invitrogen, Carlsbad, CA) and followed by a cleanup step using RNeasy Mini Kit (Qiagen, Valencia, CA). The RNA was processed at Johns Hopkins Microarray Core Facility for hybridization with Affymetrix GeneChip Mouse Genome 430 2.0 Array. The resulting data were normalized and analyzed, and the data were submitted to the Gene Expression Omnibus database of the National Center for Biotechnology Information (NCBI; accession number GSE2774).
Method of microarray data analysis. The RNA samples were analyzed with Affymetrix GeneChip Mouse Genome 430 2.0 arrays. To estimate the gene expression signals, image analysis was done for the CEL files of the chips using the statistical technique and package guanine-cytosine content-robust multiarray analysis (20) . The image processing includes a quantile normalization procedure to reduce the obscuring variations between gene chips, which might be introduced during the processes of sample preparation, manufacturing, fluorescence labeling, hybridization, or scanning (21) . The normalized signal intensities were analyzed using parametric empirical Bayes method to estimate the posterior probabilities of differential expression of genes between P0 and P3 cell lines (22, 23) . The criterion of the posterior probability, >0.5, which means the posterior probability is larger than random chance, was used to obtain a list of differentially expressed genes. Fold changes of the differentially expressed genes were calculated using geometric means of the signal intensities of P0 and P3 cell lines, which have been shown to perform better than the arithmetic means of the expression signals in terms of identifying differentially expressed genes.
Semiquantitative and quantitative real-time reverse transcription-PCR. Semiquantitative reverse transcription (RT)-PCR was done using Superscript One-Step RT-PCR system (Invitrogen). Primers for cloning mouse VCAM-1 were used (see below). The sequence for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers are GAPDH(F) (atggtgaaggtcggtgtgaacggatttggc) and GAPDH(R) (catcgaaggtggaagagtgggagttgctgt). For quantitative measurement of VCAM-1 transcript, real-time RT-PCR was done using TaqMan One-Step RT-PCR Master Mix Reagents Kit and an ABI Prism 7700 Sequence Detection System (Applied Biosystems, Foster City, CA). The primers are 5-VCAM-1(94) (gaatacaaaacgattgctcaaatcg); 3-VCAM-1(219) (cgtcctcaccttcgcgttta); and TaqMan probe (6FAM-ccatggccctcacttgcagcact-TAMRA; Applied Biosystems). All primers were designed using Primer Express 1.0 (Applied Biosystems). For endogenous control, eukaryotic 18S rRNA (VIC/TAMRA probe) was used (Applied Biosystems). The relative standard curve method was used to calculate the level of gene expression for VCAM-1 transcript.
Retroviral transfer. Full-length isoform of mouse VCAM-1 cDNA was amplified from total RNA of P3 cell line using Superscript One-Step RT-PCR system (Invitrogen) and 5Xho1-VCAM-1 primer (gaactcgagatgcctgtgaagatggtcgcg) and 3EcoR1-VCAM-1 primer (ggggaattcctacactttggatttctgtgc). The resulting fragment was cloned into a pMSCVpuro retroviral vector (Clontech, Mountain View, CA) and verified by sequencing. The construct was transfected into Phoenix packaging cell line, and the virion-containing supernatant was collected 48 h after transfection. The supernatant was immediately clarified using a 0.45-Am cellulose acetate syringe filter (Nalgene, Rochester, NY) and used to infect target cells (P0) in the presence of 8 Ag/mL Polybrene (Sigma, St. Louis, MO). One day after retroviral transduction, the virus supernatant was replaced with normal culture medium, and when the cells reached 70% confluency, puromycin (7.5 Ag/mL) was used to select for cells with integrated pMSCV-VCAM-1. Gene expression level of VCAM-1 was verified by staining the cells with anti-VCAM-1 antibody (PharMingen) and analyzing by flow cytometry.
Site-directed mutagenesis of VCAM-1. Substitution mutants of VCAM-1 were generated by amplifying VCAM-1 cDNA in two fragments, a 5 ¶ fragment and a 3 ¶ fragment, which share an overlapping region of 43 bp and include the aspartate residue to be substituted with alanine. For VCAM-1-D40A, the 5 ¶ fragment was amplified with 5Xho1-VCAM-1 primer (see above) and R-VCAM-1-D40A (accttcgcgtttagtgggctagctatctgggttctccatgaga), and the 3 ¶ fragment was amplified with 3EcoR1-VCAM-1 primer (see above) and F-VCAM-1-D40A (tctcatggagaa cccagatagctagcccactaaacgcgaaggt). The 5 ¶ and 3 ¶ fragments are mixed and used as the template for PCR and amplified again using 5Xho1-VCAM-1 primer and 3EcoR1-VCAM-1 primer. The resulting fragment was then cloned into pMSCVpuro. VCAM-1-D328A mutant cDNA was generated in the same way. To generate the 5 ¶ and 3 ¶ fragments, the following primers are used: F-VCAM-1-D328A (tttcttggagaacccagacagctagccccctcaatggggtggtaag) and R-VCAM-1-D328A (cttaccaccccattgagggggctagctgtctgggttctccaagaaa). The resulting mutant VCAM-1 cDNA was verified by sequencing.
In vivo tumor growth experiments. C57BL/6 mice (6-8 weeks old) were purchased from the National Cancer Institute (Federick, MD). For the mouse experiments, five C57BL/6 mice per group are used unless stated otherwise. To induce anti-E7-specific immune response, mice are vaccinated with vaccinia virus Sig/E7/LAMP-1 at 1 Â 10 7 plaque-forming unit (pfu) per mouse. One week after the vaccination, mice are s.c. challenged with 1 Â l0 5 tumor cells per mouse in the right hind leg. Mice are monitored for tumor growth by palpation and inspection twice a week until they were sacrificed. Sizes of the tumors were determined by explanting the tumors from mice 28 to 30 days after tumor cell injection and measuring the weight using a scale. Immunodeficient RAG1 knock-out mice (B6.129S7-Rag1 tm1Mom ) were purchased from the Jackson Laboratory (Bar Harbor, ME). Preparation of single cell suspensions from tumors for analysis of infiltrating CD8 + , CD4 + T cells and natural killer cells. The P0-NoInsert, P0-VCAM-1, P0-VCAM-1/D40A, and P0-VCAM-1/D328A tumors were isolated from C57 BL/6 mice ( five per group) between days 7 and 11, and single cell suspensions were prepared using one of the following two methods. In the first, more rapid method, single cell suspensions were prepared by first immersing the tumors in PBS buffer and mashing the tumors against cell strainers using syringe plungers. Cells that passed through the cell strainers were collected, washed with fluorescenceactivated cell sorting (FACS) buffer and used for FACS staining. Alternatively, in the slower, more gentle method, tumors were isolated from mice and immersed in 1Â HBSS containing collagenase I (0.05 mg/mL), collagenase IV (0.05 mg/mL), and hyaluronidase (0.025 mg/mL; Sigma). The tumors were minced into very small pieces with surgical blades and incubated with the enzymes in a 37jC incubator with 5% CO 2 for 15 min. After 15 min, an additional 1Â HBSS with the enzymes was added, and the tumors were minced and incubated again. After the second incubation, the single cell suspension was filtered through cell strainers, washed with FACS buffer, and used for FACS staining.
In vitro migration assay. A modified Boyden chamber assay was used to study the migration of freshly isolated tumor-infiltrating cluster of differentiation 8 + (CD8 + ) T cells as previously described. Transwell polycarbonate membranes with 3-Am pores (Costar, Corning, Acton, MA) were coated with recombinant VCAM-1-Fc or human immunoglobulin G 1 (IgG 1 )-Fc (R&D Systems) in PBS overnight at 4jC, followed by blocking with PBS containing 2% bovine serum albumin for 30 min at room temperature. Isolated CD8 + T cells (5 Â 10 4 cells per well) were resuspended in T cell medium and placed in the upper chamber, which is the same chamber coated with VCAM-1-Fc or human IgG 1 -Fc. About 600 AL of T cell medium containing 25 ng/mL SDF-1a (R&D Systems) was placed in the lower chamber. After 4 h of incubation, cells in the lower chamber were collected and counted using a flow cytometer. Generation of luciferase-expressing E7-specific CD8 + T cells. An E7-specific CD8 + T cell line has been previously described (24) . To generate a luciferase-expressing E7-specific CD8 + T cell line, we first created a retrovirus containing luciferase (pLuci-thy1.1 construct), which expressed both luciferase and thy1.1. Firefly luciferase was amplified by PCR from pGL3-basic (Promega, Madison, WI) using the 5 ¶ primer CGGAGATCTATG-GAAGACGCCAAAAAC and the 3 ¶ primer CGGGTTAACTTACACGGC-GATCTTTCC. The amplified luciferase cDNA was inserted into the BglII and HpaI sites of the bicistronic vector pMIG-thy1.1. Both luciferase and thy1.1 cDNA are under the control of a single promoter element and separated by an internal ribosomal entry site. The pLuci-thy1.1 was transfected into a Phoenix packaging cell line, and the virion-containing supernatant was collected 48 h after transfection. The E7-specific CD8 + T cells expressing luciferase were isolated using preparative flow cytometry of stained cells with Thy1.1 antibody (BD, Franklin Lakes, NJ).
In vivo bioluminescence imaging. Each C57BL/6 mouse ( five per group) was s.c. challenged with P0-VCAM-1 tumor cells at a dose of 5 Â 10 5 per mouse in the right hind leg and with either P0 tumor cells or P0-VCAM-1 D40A tumor cells at a dose of 5 Â 10 5 per mouse in the left hind leg. Tumor growth was monitored by visual inspection and palpation for a week. One week later, tumor-bearing mice were injected with luciferase-expressing E7-specific CD8 + T cells (5 Â 10 6 per mouse) by tail vein. The intensity of luminescence in the T cell-challenged mice was monitored on days 0, 1, 3, and 7 after transfer of the T cells. Tumor-bearing mice, which did not receive challenge with E7-specific CD8 + T cells, were used as a negative control. To monitor the intensity of luminescence, the mice were injected with 0.2 mL of 15 mg/mL beetle luciferin (potassium salt; Promega). After 10 min, the mice were imaged using the IVIS 200 system (Xenogen Corp., Alameda, CA). An integration time of 5 min was used for luminescence image acquisition.
Statistical analysis. All data expressed as means F SE are representative of at least two different experiments. Data for intracellular cytokine staining with flow cytometry analysis and tumor treatment experiments were evaluated by ANOVA. Comparisons between individual data points were made using the Student's t test. In the in vivo tumor growth experiment, the principal outcome of interest was time to tumor development. The event time distributions for different mice were compared using the method of Kaplan and Meier and the log-rank statistic. P < 0.05 was considered significant.
Results
Development of an in vivo model of tumor escape from immune attack. To study tumor evasion from immunotherapy and uncover novel tumor escape mechanisms, we generated a highly immune-resistant cancer cell line from a susceptible cancer cell line using an in vivo selection strategy. We have previously developed the TC-1/P0 cancer cell line as a mouse model of human papillomavirus (HPV)-associated cervical cancer by transducing murine lung epithelial cells with the HPV-16 E6 and E7 oncogenes (25) . To control the growth of TC-1/P0 in vivo, we used a vaccinia virus termed Sig/E7/LAMP-1, which encodes a fusion protein consisting of an endoplasmic reticulum signal sequence, HPV-16 E7, and the transmembrane and cytoplasmic domains of lysosome-associated membrane protein-1 (LAMP-1; ref. 26) . The signal peptide and LAMP-1 sorting sequence deliver the fusion protein into lysosomal compartments, a key component of MHC class II antigen-processing pathway. This results in a substantial increase in both E7-specific CD8 + and CD4 + T cell immune responses in mice injected with vaccinia Sig/E7/LAMP-1.
We have observed that the immune response generated by Sig/E7/ LAMP-1 can prevent the growth of TC-1/P0 in 60% to 80% of immunized mice (25) .
We took advantage of this observation and explanted an outgrowth tumor from an immunized mouse and expanded it in vitro. This escape variant cell line was designated P1 and injected into a new group of mice immunized with vaccinia Sig/E7/LAMP-1. Again, one of the outgrowth tumors from immunized mice was explanted and expanded in vitro. This cell line was designated P2. These repeated injections with tumor cell lines allowed us to carry out in vivo immune selection and resulted in increasingly aggressive immunization-resistant cell lines (Fig. 1A) . After three rounds of selection, we obtained P3, which was completely resistant to the vaccinia-induced immune response. We compared the growth kinetics of P0 and P3 in naïve mice and found that both cell lines grew with similar kinetics (Fig. 1B) . However, when these cell lines were injected into mice immunized with vaccinia Sig/E7/LAMP-1, P3 was able to develop into a palpable mass in all of the mice within 7 days, whereas P0 only developed in two out of five mice after several weeks (Fig. 1C) . P0 and P3 cell lines therefore represent a useful in vivo model for identifying genes that can contribute to tumor escape from immune attack.
VCAM-1 is up-regulated in the immune-resistant variant P3. We first checked the surface MHC class I expression of P0 and P3, as decreased class I expression is frequently observed in many cancers. We found that P3 has a very low level of MHC class I expression, whereas P0 has a relatively high level of expression. However, this decreased expression of MHC class I can be restored by treatment of P3 with IFN-g (27) . To look for additional mechanisms underlying the immune resistance in P3, we compared gene expression profiles of the P0 and P3 cell lines using Affymetrix GeneChip Mouse Genome 430 2.0 arrays (NCBI accession number GSE2774). Analysis of microarray data showed that one of the most highly up-regulated genes in P3 was VCAM-1 (see Fig. 1D ). We confirmed the differential expression of VCAM-1 in P3 using semiquantitative and quantitative RT-PCR ( Fig. 2A  and B) . This differential expression was also seen at the protein level (Fig. 2C) . Next, we cloned full-length mouse VCAM-1 cDNA into the pMSCVpuro retroviral vector, and the virus was used to generate the P0-VCAM-1 cell line. P0 tumor cells transfected with pMSCVpuro vector without insert (P0-NoInsert) were used as negative controls. The expression of VCAM-1 on P0-VCAM-1 was confirmed by surface staining (Fig. 2D) . It should be noted that the expression level of VCAM-1 on P0-VCAM-1 is comparable to that of the P3 cell line. These lines provided the opportunity to assess the role of VCAM-1 in tumor immune evasion independent of any other genetic or epigenetic changes in P3.
Ectopic expression of VCAM-1 by P0 tumor cells increases its immune resistance in vivo. In murine experiments using C57BL/6 mice, we found that P0-VCAM-1 cells grew more aggressively than control P0-NoInsert cells. In both naïve mice and mice immunized with vaccinia Sig/E7/LAMP-1, P0-VCAM-1 developed into palpable tumors within 10 days of injection. In comparison, whereas all of P0-NoInsert tumor-injected mice developed into palpable tumors within 10 days in naïve mice, 40% of P0-NoInsert tumor remained tumor-free in the immunized mice (Fig. 3A) . In naïve mice, P0-NoInsert tumors tended to be small. The growth difference of these two cell lines could be appreciated by weighing the tumors 4 weeks after injection; in both naïve and immunized mice, P0-VCAM-1 tumors were at least 2-to 3-fold larger than P0-NoInsert tumors (27) . We confirmed that this growth difference was due to differential susceptibility to antitumor immunity by injecting P0-VCAM-1 and P0-NoInsert into RAG1 knock-out mice, which have no T and B lymphocytes. P0-VCAM-1 and P0-NoInsert tumors exhibited the similar growth kinetics and relatively similar size in RAG1 knock-out mice (P > 0.05). In contrast, in the wild-type C57BL/6 mice, there was a significant difference of tumor growth between P0-NoInsert and P0-VCAM-1 tumors (P < 0.01; Fig. 3B ). These findings provided evidence that the presence of lymphocytes has led to the growth retardation of P0-NoInsert tumors, whereas P0-VCAM-1 is incapable of being controlled by T cells.
VCAM-1 expression by tumor cells decreases apoptosis of P0-VCAM-1 tumor cells and reduces the number of CD8 + T cells inside the tumors. To identify the mechanisms underlying VCAM-1-mediated immune resistance, we isolated P0-NoInsert and P0-VCAM-1 tumors from naïve mice 10 days after inoculation and determined the extent of apoptosis in the tumors using TUNEL assays. We noted widespread apoptosis in P0-NoInsert tissue sections, whereas there were few TUNEL-positive cells in P0-VCAM-1 tissue sections (Fig. 4A) . To ensure that this was not due to the intrinsic nature of tumor cells, we characterized the basal levels of apoptosis in the P0-NoInsert and P0-VCAM-1 tumor cells in vitro by measuring caspase-3 levels. We found no significant difference between P0-NoInsert and P0-VCAM-1 tumors (data not shown).
To determine whether this differential apoptosis is related to the number of tumor-infiltrating CD8 + T cells, we isolated P0-NoInsert and P0-VCAM-1 tumors, prepared single cell suspensions, and characterized the presence of CD8 + T cells in tumors by flow cytometry analysis. As shown in P0-VCAM-1 and P0-NoInsert tumors. We also characterized the other inflammatory cells in the P0-VCAM-1 tumors and in the P0 tumors and found a significant decrease of CD4 + Tcells and natural killer cells in P0-VCAM-1 compared with P0 tumors (Fig. 4C) . The newly generated data were expected because the expression of VLA-4 has been shown in CD4 + T cells (28, 29) and natural killer cells (30, 31) . VCAM-1 can promote migration of CD8 + T cells in vitro. Previous studies have shown that binding of VCAM-1 to a 4 h 1 integrin (VLA-4) can promote the migration of CD8 + T cells ( for review, see ref. 32 ). We characterized the a 4 h 1 integrin expression in tumor infiltrating lymphocytes (TIL) and in splenocytes derived from P0 tumors. We found that CD8 + TILs exhibit higher expression of a 4 h 1 integrin as compared with CD8 + T cells in the spleen (see Supplementary Fig. S1 ). Thus, to test if the presence of VCAM-1 can influence the migration of infiltrating CD8 + T cells, we did in vitro transwell migration assays. CD8 + T cells isolated from the tumors were put in the upper chamber, which was coated with recombinant VCAM-1-Fc or human IgG-Fc. We found that the T cells put in the upper chamber coated with VCAM-1-Fc showed an increased ability to migrate toward SDF-1a compared with the T cells put in the upper chamber coated with IgG-Fc (Fig. 4D, left) . In addition, we showed that this migration is dependent on a 4 integrin because the addition of an a 4 integrin-blocking antibody (PS/2) led to a significant inhibition of migration (Fig. 4D, right) . Thus, these in vitro studies suggest that tumor expression of VCAM-1 may modulate the motility of infiltrating CD8 T cells.
Mutation of A 4 B 1 integrin-binding sites on VCAM-1 completely abolishes the immune resistance conferred by VCAM-1 in vivo. VCAM-1 has been shown to bind to its receptor VLA-4 (a 4 h 1 integrin) through two independent binding sites in immunoglobulin domains 1 and 4 of its extracellular portion (33) (34) (35) . To better understand how VCAM-1 promotes immune resistance through interaction with VLA-4 in vivo, we generated two VCAM-1 mutants by modifying the key binding sites in domain 1 or domain 4. Both domains 1 and 4 contain a highly conserved integrin-binding motif (IDSPL; ref. 34) . We mutated the aspartate residue in each binding site to alanine, generating two constructs called VCAM-1/D40A and VCAM-1/D328A (Fig. 5A) . These constructs were used to transfect P0 tumor cells to generate two cell lines, P0-VCAM-1/D40A and P0-VCAM-1/D328A. The expression of these VCAM-1 mutants was verified by surface staining and was comparable to the expression level of P0-VCAM-1 (Fig. 5B) . Next, we injected these cell lines into naïve and immunized mice. The growth behavior of P0-VCAM-1/D40A and P0-VCAM-1/D328A was indistinguishable from that of P0-NoInsert, demonstrating that either single mutation can completely abolish the resistance conferred by VCAM-1 in vivo (Fig. 5C ). These in vivo experiments showed that the immune resistance provided by VCAM-1 requires its interaction with its receptor, a 4 h 1 integrin.
Mutation of VCAM-1 in P0-VCAM-1 tumor cells (VCAM-1/ D40A and VCAM-1/D328A) restores the number of infiltrating CD8 + T cells in tumors similar to the amount of CD8 + T cells in P0. Our data indicated that expression of VCAM-1 in P0 tumors led to a decrease in the amount of infiltrating CD8 + T cells in tumors (see Fig. 4B ). To determine if a single mutation on VCAM-1 can restore the number of infiltrating CD8 + T cells in tumors, CD8 + T cells in single cell suspensions from P0-NoInsert, P0-VCAM-1/ D40A, P0-VCAM-1/D328A, and P0-VCAM-1 tumors were isolated 11 days after inoculation and characterized by flow cytometry analysis. As shown in Fig. 6A , whereas P0-VCAM-1 tumor cells had a low number of CD8 + T cells present in the tumor, a single mutation in VCAM-1 (VCAM-1/D40A and VCAM-1/D328A) increased the number of CD8 + T cells in levels similar to P0-NI. These data indicate that a single amino acid mutation of VCAM-1 at a site important for interaction with a 4 h 1 integrin can significantly influence the number of infiltrating CD8 + T cells in tumors. E7-specific CD8 + T cells were concentrated in P0 and P0-VCAM-1/D40A but not in P0-VCAM-1 tumor cells. To further assess if the expression of VCAM-1 in P0 tumor cells would lead to a reduction in the amount of E7-specific CD8 + T cells, we injected tumor-bearing mice with luciferase-expressing E7-specific CD8 + T cells. C57BL/6 mice were challenged with P0-VCAM-1 tumor in the right hind leg and with either P0 tumor cells or P0-VCAM-1/ D40A tumor cells in the left hind leg. One week after the tumor challenge, the mice were injected with luciferase-expressing E7-specific CD8 + T cells through the tail vein. Luminescence image acquisition was done on days 0, 1, 3, and 7 after transfer of the T cells. Tumor-bearing mice, which did not receive E7-specific CD8 + T cells, were used as a negative control. As shown in Fig. 6B and C, whereas E7-specific CD8 + T cells were concentrated in P0 tumors beginning on day 1, a significantly reduced number of E7-specific CD8 + T cells was observed in P0-VCAM-1 tumors. Furthermore, a significant number of E7-specific CD8 + T cells was observed within the P0-VCAM-1/D40A tumors (with a single amino acid change on VCAM-1), similar to the amount of E7-specific CD8 + T cells within the P0 tumors. Similar results were observed in P0-VCAM-1/ D328A tumors (data not shown). Our data indicated that VCAM-1 plays an important role in the reduction of antigen-specific CD8 + T cells in the tumors, and that the amino acid locations within VCAM-1, which mediate interaction with a 4 h 1 integrin, are crucial in reducing the number of E7-specific CD8 + T cells within the tumor. Down-regulation of VCAM-1 in P3 tumors leads to reduced tumor immune evasion. To determine whether the downregulation of VCAM-1 in the P3 tumors leads to reduced tumor immune evasion, we generated lentivirus encoding small interfering RNA (siRNA) targeting VCAM-1. To confirm that the P3 tumor transduced with the lentivirus leads to down-regulation of VCAM-1, we did flow cytometry analysis using VCAM-1-specific antibody. We found that P3 tumors transduced with lentivirus encoding siRNA targeting VCAM-1(P3-VCAM-1 RNAi) resulted in almost undetectable levels of VCAM-1, similar to the level of VCAM-1 in P0 tumors. In comparison, P3 tumors transduced with the empty vector (P3-empty vector) did not lead to a decrease of VCAM-1 levels (similar to the parental P3 tumors; see Supplementary  Fig. S2A ). To determine the influence of down-regulation of VCAM-1 on tumor immune evasion of the P3 tumors, we characterized the tumor growth of the P3-VCAM RNAi, P3-empty vector, P3, and P0 tumors in mice vaccinated with 1 Â 10 7 pfu/mouse of Sig/E7/ LAMP-1 vaccinia and measured the tumor volume over time. We found that there was a significant decrease in tumor volume in the P3-VCAM-1 RNAi compared with P3-empty vector tumors 2 weeks after tumor challenge (see Supplementary Fig. S2B ). However, the down-regulation of VCAM-1 did not completely abolish the tumor immune evasion phenotype of P3 tumors (see Supplementary  Fig. S2B ). Thus, our data suggest that VCAM-1 is an important factor involved in tumor immune evasion, but other factors may also contribute to the tumor immune evasion in the P3 tumor.
Human renal cell carcinoma cell lines express VCAM-1. We also found that many human renal cell carcinoma (RCC) cell lines express VCAM-1. We searched for human cancers with overexpression of VCAM-1 using the Oncomine 2.0 Cancer Microarray Database (36, 37) . Analysis of this database showed that most human cancers do not up-regulate VCAM-1. However, human RCC was highly positive for VCAM-1 expression in comparison with other cancers or normal renal tissues. Surface staining of several human RCC cell lines showed that most indeed stained positive for VCAM-1 (see Supplementary Fig. S3 ). Interestingly, we found that the only cell line (RCC1.24 B7) that stained negative for VCAM-1 was derived from the only patient from a previous clinical trial (38) who responded to an irradiated granulocyte macrophage colonystimulating factor (GM-CSF)-secreting RCC tumor vaccine. These findings suggest that at least a subset of human RCC express VCAM-1, and that the expression of VCAM-1 may serve as an indicator for the outcome of immunotherapy.
Discussion
We have identified a novel mechanism for tumor immune escape using an in vivo selection strategy. We first generated an immune-resistant cancer cell line (P3) by subjecting a susceptible cancer cell line (P0) to three rounds of in vivo immune selection. Using these two cell lines, we carried out microarray analysis to identify candidate genes for functional screening. Mouse experiments consistently showed that tumor expression of VCAM-1 could lead to immune resistance and allow the tumor cells to grow in mice with preexisting immunity. VCAM-1 is known be to expressed by many different cell types, including activated endothelial cells, bone marrow stromal cells, spleen stromal cells, thymic epithelial cells, and some dendritic cells in the spleen (39) (40) (41) (42) (43) . Among these cells, VCAM-1 is well recognized for its up-regulated expression in activated endothelium, where it facilitates the trafficking of leukocytes through the endothelium and into inflamed, infected tissues (32) . In this context, our findings are unexpected because they show that a proinflammatory integrin ligand such as VCAM-1 can dramatically impair antitumor immune responses when it is expressed by tumor cells.
Although VCAM-1 expression by human RCC have been reported previously, our finding was particularly intriguing because the only RCC cell line (RCC1.24 B7) that stained negative for VCAM-1 turned out to be derived from the only patient who responded to a GM-CSF vaccine from our clinical trial (44) . Because the RCC cell lines came from a pilot clinical trial, additional large-scale studies are required to confirm that VCAM-1 expression by human RCC can adversely affect an antitumor immune response.
One likely explanation for VCAM-1-mediated immune resistance is that VCAM-1 can promote T cell migration, thereby minimizing the contact between T cells and the tumor cells. The ability of VCAM-1 to promote the migration of CD8 + T cells is well documented (45) (46) (47) (48) . Several studies have shown that a 4 integrin possesses the unique property of opposing cellular spreading and focal adhesion formation while promoting cells for migration (48) (49) (50) . More specifically, it has been shown that binding of VCAM-1 to a 4 integrin leads to the specific association of the cytoplasmic tail of a 4 integrin to paxillin, a signaling adaptor protein.
This association leads to phosphorylation of paxillin, which can then phosphorylate and activate focal adhesion kinase (FAK; ref. 49) . In turn, FAK can interact with Src kinases and regulate the disassembly of focal adhesions and integrin-dependent cell migration. In addition, binding of a 4 h 1 integrin to VCAM-1 can also stimulate T cell migration mediated by LFA-1 (a L h 2 integrin; ref. 45) .
Consistent with these previous reports, our data showed that there is a significant decrease in the number of CD8 + T cells in P0-VCAM-1 tumors compared with P0-NoInsert tumors. Furthermore, our in vitro transwell studies showed that VCAM-1 can promote the migration of freshly isolated tumor-infiltrating CD8 + T cells, and that this VCAM-1-mediated migration is diminished in the presence of an a 4 integrin blocking antibody. To eliminate the concern that tumor cells also express VLA-4, which may influence the interpretation of the data, we characterized the expression of VLA-4 in the P0, P3, P0-NoInsert, and P0-VCAM-1 tumors. We found no detectable expression of VLA-4 in the tumors (data not shown). Because all the tumor cells do not express VLA-4, we do not expect significant difference in cell-cell adhesion among the different tumor cells. Nevertheless, we examined the cell-cell adhesion using the three-dimensional collagen cell culture system (Chemicon-Millipore, Billerica, MA) with Madin-Darby canine kidney cells as the positive control. We observed no significant difference in cell adhesion between the P0-NoInsert and P0-VCAM-1 tumor cells (data not shown).
Furthermore, to avoid the concern that tumor cells are able to express chemotactic factors such as SDF-1, which could potentially influence the number of CD8 + T cells in the tumor, we examined the chemokine profile between P0 and P3 tumors. We found similar expression of SDF1 in P0 and P3 tumors (data not shown). Furthermore, to ensure that the observed results are not due to migration defects of CD8 + T cells derived from the P0-VCAM-1 tumors or the P0-NoInsert tumors, we compared the migration of CD8 + T cells isolated from P0-VCAM-1 and P0-NoInsert tumors using in vitro transwell experiments with SDF-1a. We observed no significant difference in the chemotaxis of the CD8 + T cells derived from the tumors (data not shown). Taken together, these findings The mouse experiments using site-specific VCAM-1 mutants provided additional evidence that integrin receptors play a role in the immune resistance provided by VCAM-1. The specific aspartate residues, D40 and D328, have been shown to be required for VCAM-1 interaction with its integrin receptors a 4 h 1 (34) . Our data showed that substitution of either aspartate residue with alanine completely abolished the immune resistance conferred by VCAM-1 in vivo. These findings strongly suggest that the immune resistance mediated by VCAM-1 requires its interaction with its integrin receptors, such as a 4 h 1 .
This work represents the first report demonstrating that dysregulation of a cell adhesion molecule by tumor cells can interfere with immune functions. Because a wide variety of cell adhesion molecules are known to be dysregulated in cancers, this study raises the question of whether dysregulation of other cell adhesion molecules can also play a role in tumor escape from immune attack (51) . Lastly, this study shows the usefulness of using in vivo immune selection to study tumor escape. Similar approaches can be taken to generate highly resistant variants from other murine cancer cell lines. Characterization of these resistant variants may lead to identification of additional tumor escape mechanisms. The intensity of luminescence in the T cell-challenged mice was monitored on days 0, 1, 3, and 7 after transfer of the T cells using the IVIS 200 system (Xenogen). Tumor-bearing mice, which did not receive E7-specific CD8 + T cells, were used as a negative control. An integration time of 5 min was used for luminescence image acquisition. C, line graph depicting the photon counts in T cell-challenged mice on days 0, 1, 3, and 7 after transfer of T cells.
